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Abstract Objectives: Although the
prone position is effectively used to
improve oxygenation, its impact on
functional residual capacity is contro-
versial. Different techniques of body
positioning might be an important
confounding factor. The aim of this
study was to determine the impact
of two different prone positioning
techniques on functional residual ca-
pacity and ventilation distribution in
anesthetized, preschool-aged children.
Design: Functional residual capacity
and lung clearance index, a measure
of ventilation homogeneity, were
calculated using a sulfur-hexafluoride
multibreath washout technique. After
intubation, measurements were taken
in the supine position and, in random
order, in the flat prone position and the
augmented prone position (gel pads
supporting the pelvis and the upper
thorax). Setting: Pediatric anesthesia
unit of university hospital. Patients
and participants: Thirty preschool
children without cardiopulmonary
disease undergoing elective surgery.
Measurements and results: Mean
(range) age was 48.5 (24–80) months,
weight 17.2 (10.5–26.9) kg, func-
tional residual capacity (mean ± SD)
22.9 ± 6.2 ml.kg –1 in the supine pos-
ition and 23.3 ± 5.6 ml.kg –1 in the flat
prone position, while lung clearance
indices were 8.1 ± 2.3 vs. 7.9 ± 2.3,
respectively. In contrast, functional
residual capacity increased to 27.6
± 6.5 ml.kg –1 (p< 0.001) in the
augmented prone position while at the
same time the lung clearance index
decreased to 6.7 ± 0.9 (p< 0.001).
Conclusions: Functional residual
capacity and ventilation distribution
were similar in the supine and flat
prone positions, while these param-
eters improved significantly in the
augmented prone position, suggesting
that the technique of prone positioning
has major implications for pulmonary
function.
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Introduction
The prone position has been advocated as a therapeutic
measure in order to improve oxygenation [1]. Since its
first description by Bryan [1], numerous studies have re-
ported conflicting findings regarding the effect of the prone
position on pulmonary function. While prone positioning
improves arterial oxygen saturation [2–6], the results re-
garding its effect on functional residual capacity (FRC)
are controversial [6–9]. Therefore, additional confounding
1772
factors such as changes in ventilation distribution or differ-
ences in positioning techniques might be important. Pos-
itioning techniques such as flat versus augmented prone
positions might exert different degrees of pressure on the
abdominal contents with differences in the cephalic dis-
placement of the diaphragm [8, 9].
Optimizing FRC is of particular importance in children
undergoing anesthesia or sedation because children, rel-
ative to adults, have smaller elastic retraction forces and
a lower relaxation volume that makes them more prone to
airway collapse [10, 11]. Moreover, children are particu-
larly vulnerable to hypoxemia because of their higher oxy-
gen demand per kilogram body weight [12].
The purpose of the present study was to evaluate the
impact of two prone positioning techniques on FRC and
ventilation homogeneity in anesthetized children with
healthy lungs [13]. We hypothesized that compared with
the flat prone position, augmented prone positioning
would improve FRC and ventilation distribution.
Methods
Following approval by the local ethics committee in Basel,
Switzerland, and after obtaining parental written informed
consent, 30 otherwise healthy children, ASA I, 2–6 years
of age, scheduled for elective surgery (not involving the
thorax or abdomen) under general anesthesia with endo-
tracheal intubation were included in this study. Children
with known cardiopulmonary diseases or thoracic deform-
ities were excluded from participation in the study.
One hour before the operation, patches of an eutectic
mixture of local anesthetics (EMLA) were applied to
the dorsal side of each child’s hands. All patients were
premedicated with 0.3 mg.kg–1 midazolam administered
orally or rectally 15 min before induction of general
anesthesia. In uncooperative patients, nitrous oxide 70%
in oxygen was administered for the insertion of an intra-
venous cannula. Nitrous oxide was immediately stopped
when venous access was achieved. General anesthesia
was induced with propofol 3–4 mg.kg–1 i.v. and fen-
tanyl 3 µg.kg–1 i.v. Tracheal intubation was facilitated
with rocuronium 0.6 mg.kg–1 i.v. and all patients were
intubated with a cuffed endotracheal tube (Microcuff,
Heidelberg, Germany). Anesthesia was maintained with
a propofol infusion (12 mg.kg–1h–1 for the first 10 min of
general anesthesia, 9 mg.kg–1h–1 for the next 10 min, and
then 6 mg.kg–1h–1) [14]. Muscle relaxation was monitored
with a nerve stimulator while total neuromuscular block-
ade was defined as no tactile twitch on a train-of-four
stimulation. Throughout the study period, the muscle
relaxation was tested by train-of-four stimulation every
12 s. In the case of reappearance of twitching, additional
doses of rocuronium were given.
The first set of measurements was performed 5 min
after intubation in the supine position. The patients were
then turned into the prone position; they were positioned
either flat prone on the operating table or “augmented”
with gel pads (Pur GelTM, Universal Sandsäcke Art. No.
PG0410SSB0 and/or PG0514LSB0, B+P Beatmungspro-
dukte GmbH, Neunkirchen-Seelscheid, Germany) [15,
16]. The gel pads were positioned under the upper third of
the thorax and under the pelvis. The size and/or number
of the gel pads was chosen to ensure free movement
of the abdomen during the entire respiratory cycle. In
this position, the abdomen does not touch the operating
table during maximal inspiration. The order of these two
positioning techniques was randomized using blocked ran-
domization that was obtained using computer-generated
random numbers. The identity of the random numbers was
concealed from the investigators until used by means of
sealed envelopes which had been filled with the random
numbers by a person independent of the study team.
During the measurements, the arms were kept stable
positioned in parallel to the thorax [17] and the head
was turned to the side. Measurements were performed
5 min after completion of positioning. The operating room
table was not elevated but was kept completely horizontal
during the entire experiment.
During anesthesia, a Centiva/5 critical care ventilator
(Datex Ohmeda, Helsinki, Finland) was used. Settings
were as follows: FiO2 = 0.5 and tidal volume of 8 ml.kg–1
body weight during the whole study period. Respiratory
rate was adapted in order to achieve an end-tidal carbon
dioxide of 4–5 kPa. The ventilator delivered a continuous
bypass flow that was needed to ensure an exact delivery
of the tracer gas at all times. This bypass flow in the
breathing system (20 l/min) created a PEEP of 3 cmH2O
in the system throughout the study period.
For the FRC measurements, an ultrasonic transit-time
airflow meter (Exhalyzer D with ICU insert, Eco Medics,
Duernten, Switzerland) that simultaneously measures
flow and molar mass of the breathing gas was placed
between the endotracheal tube and the breathing circuit.
The technical setup of the measurement equipment has
been described previously [18]. Briefly, this airflow meter
combines accurate flow measurements with instantaneous
mainstream measurements of molecular mass in a single
sensor. This analysis is based on an ultrasonic transit time
detection measured at a high sampling frequency (400 Hz)
with piezoelectric sensors that demonstrate a high linearity
over a wide pressure–amplitude range.
The application of sulfur hexafluoride (SF6, molecular
mass 146 g mol–1) as a tracer gas into the inspiratory
part of the breathing system increases the total molecular
mass of the breathing gas until a steady state is reached.
Following the discontinuation of SF6, the molecular mass
decreases breath by breath until a steady state is reached
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as soon as the SF6 has been completely washed out of the
lungs (multibreath washout technique). Analysis of the
washout curve allows for calculation of the FRC, physio-
logical dead space volume, lung clearance index (LCI)
and mean dilution number (MDN). LCI and MDN are
commonly used to measure the degree of ventilation dis-
tribution and are sensitive indicators of peripheral airway
collapse [19–23]. The LCI is calculated as the cumulative
expired volume needed to lower the end-tidal tracer gas
(SF6) concentration to 1/40 of the starting concentration
divided by the FRC, i.e., the number of lung volume
turnovers needed to clear the lungs of the marker gas [22,
23]. MDN is the ratio between the first and the zero-th
moments of the washout curve. The number of volume
turnovers was calculated using the cumulative expired
alveolar volume [20, 21]. Calculations of FRC, dead space
volume, MDN, and LCI were performed using Spiroware
software (Version 1.5.2, ndd Medizintechnik AG, Zurich,
Switzerland). Dead space was calculated using Fowler’s
method.
Statistics
Sample size calculations were performed using nQuery
Advisor 4.0 software (Statistical Solutions Ltd, Boston,
MA, USA). Based on separate pilot data, a sample size of
30 patients was calculated to have a power of 90% at a 0.05
significance level using a single-group repeated-measures
Table 1 Characteristics of patients (n = 30)
Males:females 19 (63%):11 (37%)
Age (months) 48.5 (24–80)
Height (cm) 101.8 (81–128)
Weight (kg) 17.2 (10.5–26.9)
Smoke exposure (n) 5 (17%)
Family history of asthma (n) 5 (17%)
Family history of severe allergic reactions (n) 3 (10%)
Values are median (range) or number (proportion)
Table 2 Measured parameters at the different assessments
Parameter Position p valuea
Supine (S) Prone, augmented (PA) Prone, flat (PF) S vs. PA S vs. PF PA vs. PF
FRC (ml) 400 ± 159 480 ± 169 405 ± 145 < 0.0001 0.6327 < 0.0001
FRC (ml.kg−1) 22.9 ± 6.2 27.6 ± 6.5 23.3 ± 5.6 < 0.0001 0.3867 < 0.0001
LCI 8.1 ± 2.3 6.7 ± 0.9 7.9± 2.3 < 0.0001 0.4332 0.0002
MDN 2.11 ± 0.6 1.76 ± 0.3 2.09 ± 0.8 0.0003 0.7689 0.0007
VD (ml.kg−1) 1.21 ± 0.2 1.22 ± 0.3 1.22 ± 0.2 0.6195 0.8577 0.7507
VT (ml.kg−1) 8 8 8
VT/FRC 0.36 ± 0.1 0.29 ± 0.1 0.35 ± 0.1 < 0.0001 0.1441 < 0.0001
aAs determined by a repeated-measures analysis of variance.
FRC, functional residual capacity; LCI, lung clearance index; MDN, mean dilution number; V D, dead space volume; VT , tidal volume
analysis of variance (ANOVA) to detect a difference in
means across the three levels of the repeated measures
factor characterized by an effect size of 0.15.
The distribution of data was tested using a Sha-
piro–Wilk test; accordingly, data with normal distribution
were expressed as mean ± SD and data not having
a normal distribution were expressed as median (inter-
quartile range). A repeated-measures ANOVA was used
to compare FRC, MDN, and LCI between the different
study conditions. Post hoc, a Bonferroni test was used to
adjust for multiple comparisons. A value of p < 0.05 was
considered statistically significant. Results were analyzed
using the StatView for Windows (SAS Institute Inc., Cary,
NC, USA, Version 5.0.1).
Results
All 30 children were successfully studied. Patient char-
acteristics are shown in Table 1. Additional doses of
rocuronium were administered in 16 children. There were
no significant differences in any parameters between
the supine and the flat prone position. In contrast, in
the augmented prone position, FRC was higher and
LCI, MDN, and tidal volume to FRC ratio significantly
lower than with the supine and the flat prone position
(Table 2, Fig. 1). The mean coefficient of variation of the
FRC measurements was 2.6 (2.0). Dead space volume
did not change throughout the study period. The mean
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Fig. 1 Functional residual capacity (FRC) at the three assessments
coefficient of variation for the dead space measurements
was 3.04 (2.5).
Discussion
This study examined the effects of positioning techniques
on FRC and ventilation distribution in anesthetized,
paralyzed preschool-aged children with healthy lungs.
In contrast to supine or flat prone positioning, aug-
mented prone positioning significantly improved FRC and
ventilation distribution.
The impact of the prone position on FRC is contro-
versial [8, 9, 24]. In line with the present data, a study
performed in a small number of children with and with-
out lung disease failed to reveal differences in FRC be-
tween the supine and the flat prone positions [8]. Also in
agreement with our findings, Pelosi et al. [9] showed an
increase in FRC of about 30% in anesthetized adults in the
augmented prone position compared with the supine posi-
tion.
Ventilation homogeneity can be described by several
indices and calculated by analyzing the washout curve
of an insoluble tracer gas (such as SF6) [25]. The LCI
and MDN are sensitive parameters in detecting peripheral
airway collapse [23, 25]. Our data corroborate results
obtained from mechanically ventilated healthy animals
showing a more even ventilation distribution in the prone
than in with the supine position [26, 27]. This indicates
that in the prone position ventilation is redirected into
different lung areas in paralyzed, mechanically ventilated
subjects. Furthermore, the effect of gravity on ventila-
tion distribution caused by different body positions has
been assessed with krypton gas isotopes: in the prone
position ventilation distribution is more uniform [28], in
contrast to the supine position, where the backward-falling
heart can cause a restricted ventilation of the dependent
lungs [29].
The changes in FRC and ventilation distribution
in the present study probably result from anatomical
changes based on positioning: in the supine position,
abdominal contents exert a cephalic pressure against the
diaphragm with a dorso-ventral gradient. Under complete
neuromuscular blockade, diaphragmatic muscular tone is
absent. Therefore, the weight of the abdominal contents
is no longer opposed by the diaphragm. This results in
cephalic displacement of the posterior regions of the dia-
phragm [30]. In addition, the dorsal area of the diaphragm
has a smaller radius of curvature than the ventral area.
Thus, according to the law of Laplace, greater pressure
will be exerted dorsally for any given wall tension. These
changes might be more pronounced in children than in
adults because of the former’s more compliant chest walls
that result in an increased tendency towards collapse of
the small peripheral airways [31–33].
The impact of neuromuscular blockade on FRC
and ventilation distribution in the current study cannot
be quantified. However, when comparing our present
results with a previous study conducted by our group
that focused on the impact of neuromuscular blockade in
preschool children and that used a similar study design,
FRC values in the supine position were similar under
neuromuscular blockade [23.0 (5.3) ml.kg–1 and 22.9
(6.2) ml.kg–1, respectively] but significantly lower than
after initial induction of anesthesia without neuromuscular
blockade (25.6 ml.kg–1) [34]. The absence of muscular
tone might lead to an increase in the changes caused by
body positioning; diaphragmatic tone is absent, leading to
an unopposed cephalic shift of the abdominal contents as
described above.
During mechanical ventilation in the supine position,
the ventral parts of the rib cage have a high chest wall
compliance [35]. In contrast, in the prone position, rib
cage movements are restricted and chest wall compli-
ance is decreased [35]. Impaired chest wall compliance
increases pleural pressures and thus increases transpul-
monary pressure gradients. This might allow previously
collapsed segments to be re-expanded [8]. Furthermore,
a more even ventilation distribution might result from
a reduced vertical pleural pressure gradient [36]. The
pressure of the abdominal contents is lower in the prone
position than in the supine position, resulting in a caudal
displacement of the diaphragm. The absence of significant
differences in FRC between the flat prone and the supine
position in the present study can be best explained by
the restricted movement of the abdomen and the lower
chest wall compliance in the flat prone position and by
children being paralyzed and mechanically ventilated
with a PEEP of 3 cmH2O, conditions that might lessen
the degree of caudal displacement of the diaphragm
in the flat prone position. However, anatomic changes
are more pronounced in the augmented prone posi-
tion because this allows the abdomen to move more
freely [9].
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In our study, the tidal volume to FRC ratio was
higher in the flat prone and supine positions than in the
augmented prone position, as the tidal volume was kept
constant throughout the study period while FRC changed
with the different positioning techniques. Theoretically
this could have affected the degree of ventilation inho-
mogeneity, because calculations of LCI and MDN are
not completely independent of the tidal volume to FRC
ratio [37]. However, these effects are not sensitive enough
to reflect the ventilation maldistribution that occurs with
a change of posture or a change of tidal volume to FRC
ratio [38]. Nevertheless, the decreased tidal volume to
FRC ratio in the augmented prone position is normally as-
sociated with a decrease in ventilation homogeneity [25],
leading to the improved ventilation distribution observed
in the augmented prone position. The lack of change in the
dead space to tidal volume ratio between the different po-
sitioning techniques additionally underlines the significant
improvement in the augmented prone position compared
with the flat prone and supine positions. This suggests that
factors other than changes in tidal volume to FRC ratio,
such as partially collapsed alveoli and less well distended
distal bronchi, contributed to the observed ventilation
maldistribution in the supine or flat prone positions.
Among the many factors that make children vulnerable
to hypoxemia when undergoing sedation or anesthesia
are alterations in lung mechanics. Most anesthetic agents
promote atelectasis formation shortly after induction,
leading to a decrease in FRC and ventilation homogeneity
and potentially to hypoxemia [39–42]. Therefore, pre-
vention of atelectasis during anesthesia or sedation is
important in all children as atelectasis persists well into
the postinterventional period and can have a negative
impact on patient recovery [42].
All measurements were made with a PEEP of
3 cmH2O caused by the continuous bypass flow necessary
to enable a constant delivery of the tracer gas. This might
be considered a limitation of the study. The impact of
this effect cannot be quantified at present; however, direct
comparisons of the different positions should not have
been affected since all measurements were taken under
equivalent conditions. Furthermore, a PEEP of 3 cmH2O is
often used in clinical practice and therefore does not di-
minish the relevance of our data. However, since only
children with healthy lungs were studied, the clinical
implications in children with acute or chronic lung injury
are unknown.
All patients were measured first in the supine po-
sition and then turned, in a randomized order, into the
augmented prone and flat prone positions. Therefore, the
time course could have potentially affected the changes in
FRC and LCI between the supine and the prone positions.
However, FRC and LCI have been shown to remain
constant in preschool children under propofol anesthesia
(FiO2 = 0.5) during a study period of similar duration [43].
Additionally, FRC decreases immediately after induction
of anesthesia in adults but then remains stable for at least
1 h [41]. Therefore, in the present study a time effect
was unlikely to have been a confounding factor for the
observed changes in FRC, LCI, and MDN.
A high interindividual variability in the FRC values
was observed in this study. However, a wide range of
interindividual FRC values was a regular finding in all
studies of our group in anesthetized preschool children
when using the SF6 multibreath washout technique, inde-
pendent of the method of breathing (spontaneous versus
mechanical ventilation), the anesthetic agent used (propo-
fol versus ketamine), body positioning (supine, prone,
lateral), the use of regional techniques or even before and
after cardiac bypass [34, 43–47]. Although absolute values
vary among the patients, the relative changes between
the different assessments show a lower variability. These
interindividual differences are most probably based on the
different susceptibility to changes in respiratory mechanics
after induction of anesthesia, which varies greatly between
patients. In addition, some methodological issues (e.g. gas
temperature, pressurization) using an ultrasonic flowmeter
for FRC measurements cannot be completely excluded.
Of note, however, Sivan et al. [48] also found a large
interindividual variability in FRC values in intubated
children when using a nitrogen washout technique.
In the present study, the calculated dead space was
approximately 1.2 ml/kg in all positions, which is in line
with previous results in intubated children [34, 45, 49] and
differs substantially from that observed in spontaneously
breathing anesthetized preschool children (2.8 ml/kg) [44,
50]; this can be explained by the decrease in dead space
following intubation.
In conclusion, the augmented prone position, in
contrast to the flat prone position, increased FRC and
could be beneficial when optimizing FRC and ventilation
distribution in paralyzed, mechanically ventilated healthy
children. This suggests that the technique used for prone
positioning might affect pulmonary function.
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